We investigate an asteroseismic model of non-rotating paramagnetic neutron star with core-crust stratification of interior pervaded by homogeneous internal and dipolar external magnetic field, presuming that neutron degenerate Fermi-matter of the star core is in the state of Pauli's paramagnetic permanent magnetization caused by polarization of spin magnetic moments of neutrons along the axis of magnetic field of collapsed massive progenitor. The magnetic cohesion between metal-like crust and permanent-magnet-like core is considered as playing a main part in the dynamics of starquake. This process is thought of as impulsive release of magnetic field stresses, brought about by disruption of magnetic field lines on the core-crust interface resulting in the crust fracture, which is followed by tectonic shear displacements of crust against massive core. Focus is laid on the post-quake relaxation of the star by node-free torsional vibrations of highly conducting crustal solid-state plasma, composed of nuclei embedded in the degenerate Fermi-gas of relativistic electrons, about axis of magnetic field frozen in the immobile paramagnetic core.
Introduction
Studying seismic vibrations of neutron stars is among the most promising tools in search for dynamical laws governing continuum mechanics and macroscopic electrodynamics of extremely dense matter compressed by self-gravity to the nearly normal nuclear density at which microscopic composition of stellar material is dominated by neutron component.
One of the most conspicuous features distinguishing this subclass of final stage (FS) stars of evolutionary track from their massive main-sequence (MS) progenitors is that they come into existence as sources of ultra powerful magnetic fields (Chanmugam 1992) . It is hoped, therefore, that exploring vibrational behavior of spherical material masses capable of accommodating super strong magnetic fields we can gain some insight into the nature of the nuclear matter magnetism.
In this connection it is appropriate to emphasize that contrary to liquid MS stars whose magnetic fields are generated in dynamo processes by flows of perfectly conducting flowing matter (energy supply of persistent convection in which comes from cental thermonuclear reactive zones), in the FS stars, white dwarfs and pulsars, there are no nuclear energy sources to support persistent convection (e.g. Flowers & Ruderman 1977 , Spruit 2008 ). Such point of view invalidates applicability to FS stars of magneto-fluid-mechanical arguments and methods in the analysis of magnetic field effects such, for instance, as antidynamo theorems. Unlike the dynamo-generated fairly weak fields of liquid MS stars, the super strong and highly stable to spontaneous decay magnetic fields of isolated neutron stars (Bhattacharya & has been shown in (Bastrukov et al 1999a (Bastrukov et al , 1999b ) that equations of nuclear elastodynamics, originally introduced in the nuclear physics of giant resonances as fundamental equations of continuum mechanics of nuclear matter, can be successfully utilized for the study of neutron star pulsations. And in recent work (Bastrukov et al 2007a) , it was shown that linearized equations of nuclear elastodynamics and canonical equations of linear theory of elasticity lead to identical results regarding frequencies of fundamental modes of node-free spheroidal and torsional vibrations of spherical mass of viscoelastic solid which are of particular interest for our present discussion. In the meantime, it has been argued some time ago in the studies of pulsar glitches as being produced by star quakes (Bastrukov et al 1996 (Bastrukov et al , 1997 (Bastrukov et al , 1999b The physically meaningful framework for discussion of this second case provides the two-component, core-crust, model of quaking paramagnetic neutron star, pictured in seismic stability to quake-induced tectonic shear displacements of crust against core 3 . It is expected that quake-induced disruptions of magnetic field lines, along which the outgoing radiation is developed, should be observed as glitches in the quiescent high-energy emission. These glitches are of substantially magnetic nature in the sense that they owe its origin to well-known effect of sudden, jump-like, increase in the magnetic field strength triggered by thermonuclear explosion. With this in mind we focus on reaction of the star on above quake-induced perturbation by node-free differentially rotational, torsional, vibrations of crustal solid-state plasma about axis of magnetic field frozen in the immobile paramagnetic core.
In section 2, a brief outline is given of the equations of solid-magnetics appropriate for the perfectly conducting viscoelastic continuous medium pervaded by a magnetic field.
In section 3, the spectral formulae for the frequency and lifetime of this toroidal mode of 
Governing equations of solid-magnetics
We study an asteroseismic model of non-rotating neutron star responding to quakeinduced perturbations by shear (substantially non-compressional, δρ = −ρ∇ k u k = 0) differentially rotational fluctuations of material displacements u i , locked in the finitedepth crust of the density ρ. And it is believed that dynamics of this vibrational process can be properly modeled by equations of classical solid mechanics
presuming that Hooke's elastic stresses σ ik and Newton's viscous stresses π ik are described by linear constitutive equations of the form
where µ stands for the shear modulus, η for shear viscosity and u ik is the tensor of shear strains or deformations. The central to our further discussion is the tensor of fluctuating magnetic field stresses
As in our previous work (Bastrukov et al 
The energy method
This method of computing frequency of shear vibrations rests on the equation of energy balance ∂ ∂t
which is obtained by scalar multiplication of equation of magneto-solid-mechanics (3) with u i and integration over the volume of seismogenic layer. From the technical point of view, the shear character of material distortions brought about by forces under consideration owes its origin to the symmetric form of stress-tensors in terms of which these forces are expressed. The key idea of this method consists in using of the following separable form of material displacements
where a i (r) is the time-independent solenoidal field and amplitude α(t) carries information about temporal evolution of fluctuations. Thanks to this latter substitution, the all tensors of fluctuating stresses and strains take similar separable form
On inserting (10)- (14) in the integral equation of energy balance (9) we arrive at equation for α(t) having the well-familiar form
where the inertia M, viscous friction D and stiffness K of oscillator are given by
The physical significance and practical usefulness of the outlined energy method is that it can be efficiently utilized in the study of non-radial seismic vibrations of more wide class of solid degenerate stars like white dwarfs stars (Lou 1995 
Material displacements in the crust undergoing node-free torsional vibrations
In this subsection we pause on detailed derivation of material displacements in the crust undergoing non-radial torsional oscillations in the node-free regime. In this mode, the velocity of fluctuating material flow (the rate of material displacements) is described by general formula of rotational motions
However, unlike a case of rigid-body rotation, in which the angular velocity is a constant vector, in a solid mass undergoing axisymmetric differentially rotational vibrations the angular velocity Ω(r, t) is the vector-function of position (Bastrukov et al 1999a (Bastrukov et al , 2007a which can be represented as
In the regime of node-free vibrations in question, a(r) is described by the divergencefree odd-parity, axial, toroidal field which is one of two harmonic solenoidal fields of fundamental basis (Chandrasekhar 1961 
4 The average density of quark star matter is expected to be comparable with the average density of nucleon ρ ≈ 4.3 × 10 17 g cm −3 , that is, three order of magnitude greater than average density of normal nuclear matter ρ ≈ 2.8 × 10 14 g cm −3 .
where P ℓ (ζ) is the Legendre polynomial of multipole degree ℓ. It follows that the angular field φ(r) is the poloidal vector field
And this field is irrotational, ∇ × φ(r) = 0. As was stated, we study a model of differentially rotational vibrations of peripheral finite-depth crust against immobile core. In this case, the arbitrary constants A ℓ and B ℓ can be uniquely eliminated from two boundary conditions: (i) on the core-crust interface
and (ii) on the star surface r = R
where
The no-slip condition on the core-crust interface, r = R c , reflects the fact that the amplitude of differentially rotational oscillations gradually decreases down to the star center and turns into zero on the core. The boundary condition on the star surface, r = R, 
whose solutions are
In spherical polar coordinates, the nodeless toroidal field has only one non-zero azimuthal component
The snapshot of material node-free displacements in the crust undergoing torsional oscillations against immobile core of paramagnetic neutron star under consideration is pictured in Fig.2 for quadrupole, ℓ = 2, and octupole ℓ = 3, overtones of this axial mode. 
The λ-terms in the above and foregoing equations emerge as result of integration along the radial coordinate from radius of the core-crust interface r = R c to the star radius, r = R. The integral coefficient of viscous friction is given by For the lifetime we obtain
In Fig.3 , the fractional lifetime is plotted as a function of multipole degree ℓ with indicated values of fractional depths h = ∆R/R. It shows that the higher ℓ the shorter lifetime.
It is easy to see that in the limit, λ = (R c /R) → 0, we regain the spectral formula for lifetime of global torsional nodeless vibrations of solid star (Bastrukov et al 2003 (Bastrukov et al , 2007a )
in which byτ ν is understood, in this latter case, the average kinematic viscosity of the star matter as a whole; the extensive discussion of this transport coefficient can be found in (Shternin 2008) . For the node-free torsional oscillations of solid star, the last equation has one and the same physical significance as the well-known Lamb formula does for the time of viscous damping of spheroidal node-free vibrations which in the context of neutron star pulsations has been extensively discussed some time ago by Cutler and Lindblom (1987) . Regarding the problem under consideration we cannot see, however, how the obtained formulae can be applied to observational data on QPOs in SGRs. Nonetheless, their practical usefulness is that they can be utilized in the study of a more wide class of celestial objects such as Earth-like planets (Lay & Wallace 1995 , Aki & Richards 2003 and white dwarf stars.
From above it is clear that the integral coefficient of elastic rigidity K e of torsional vibrations has analytic form similar to that for coefficient of viscous friction D, namely
The frequency as a function of multipole degree ℓ of node-free elastic vibrations in question ν e (ℓ) (measured in Hz and related to angular frequency as ω e (ℓ) = 2πν e (ℓ) = K e /M) is given by
It is easy to see that in the limit λ → 0, we regain spectral formula for the frequency of global torsional oscillations, having the form of equation (51) with k e (ℓ) = m(ℓ) = 1.
Understandably that in this latter case all material characteristics belong to the star as a whole.
The magneto-mechanical stiffness of Alfvén vibrations K m can conveniently be written as
This leads to the following two-parametric spectral formula
In the forward asteroseismic analysis of QPO data relying with on this latter spectral formula, the Alfvén frequency, ν A and the fractional depth of seismogenic zone, h, are regarded as free parameters which are adjusted so as to reproduce general trends in the observed QPOs frequencies. being the velocity of Alfvén wave in crustal matter of density ρ and P A = 2π/ω A .
In Fig.4 , the fractional frequencies and periods of this toroidal Alfvén mode as functions of multipole degree ℓ are plotted with indicated values of fractional depth of the seismogenic layer h. Remarkably, the lowest overtone of global oscillations is of quadrupole degree, ℓ = 2, whereas for vibrations locked in the crust, the lowest overtone is of dipole degree, ℓ = 1, as is clearly seen in Fig.5 . This suggests that dipole vibration can be thought of as Goldstone's soft mode whose most conspicuous property is that the mode disappears (the frequency tends to zero) when key parameter regulating the depth of seismogenic zone λ → 0. 
Crust vibrations driven by combined action of Loternz magnetic and Hooke's elastic forces
In this case, the asteroseismic analysis of detected QPOs rests on the three-parametric spectral formula
The suggested theoretical ℓ-pole specification of the detected frequencies is presented in It is worth emphasizing that at above values of h, the obtained here tree-parametric spectral formula much better match the data as compared to that for global, in the entire volume, vibrations studied in (Bastrukov et al 2009a) . On this ground we conclude, if the 
Seismic vibrations of peripheral layer under the action of Loternz magnetic force
In this case ℓ-pole specification of detected QPOs frequencies rests on the two-parametric spectral formula for frequency of purely Alfvén toroidal mode
The results presented in Fig.9 and Fig.10 show that at indicated input parameters, 
Concluding remarks
The neutron stars, both pulsars and magnetars, are seismically active compact objects Together with this development, the past three decades have seen increasing recognition that important insight into interior of neutron stars and properties of super dense and ultra magnetized matter provides asteroseimology which seeks to explain fast variability of their luminosity as being produced by seismic vibrations. Adhering to this attitude, we have investigated seismic response of core-crust model of quaking paramagnetic neutron star, pictured in Fig.1 , by node-free torsional crust-against-core vibrations. In this model the source of ultra powerful and highly stable to spontaneous decay magnetic field is associated with massive core, which is thought of as an ultra powerful spherical magnet. The physical nature of seismic stability of core-crust coupling is attributed to magnetic cohesion between core and metallic like crust 5 . The fact that impulsive release of magnetic ray emission from SGR 1900+14 and SGR 1806-20. In so doing we have investigated two scenarios of post-quake relaxation of paramagnetic neutron star by torsional vibrations of crust against immobile massive core distinguishing restoring forces of vibrations.
In first case, the analysis of data on QPOs frequencies has been based on assumption that detected QPOs owe their existence to torsional nodeless vibrations restored by joint action of Lorentz magnetic and Hooke's elastic forces and we have found that obtained three-parametric spectral formula provides much better fit of data than two-parametric frequency spectrum of the early considered model of global magneto-elastic vibrations (Bastrukov et al 2009a) . In second case of vibrations restored by solely Lorentz force of magnetic field stresses we found that obtained two-parametric frequency spectrum can too be fairly reasonably reconciled with detected QPOs frequencies. With all above in mind we conclude that main part in quake-induced torsional vibrations of crustal solid-state plasma about axis of magnetic field frozen in the immobile core plays Lorentz restoring force of magnetic field stresses and that observed frequencies of QPOs can be interpreted as an indirect evidence for permanent magnetization of super dense matter in the deep interior of magnetars.
